Objectives: The aim of this research was to study whether plasma microRNAs (miRNA) can be used for early detection of pancreatic cancer (PC) by analyzing prediagnostic plasma samples collected before a PC diagnosis. Background: PC has a poor prognosis due to late presenting symptoms and early metastasis. Circulating miRNAs are altered in PC at diagnosis but have not been evaluated in a prediagnostic setting. Methods: We first performed an initial screen using a panel of 372 miRNAs in a retrospective case-control cohort that included early-stage PC patients and healthy controls. Significantly altered miRNAs at diagnosis were then measured in an early detection case-control cohort wherein plasma samples in the cases are collected before a PC diagnosis. Carbohydrate antigen 19-9 (Ca 19-9) levels were measured in all samples for comparison. Results: Our initial screen, including 23 stage I-II PC cases and 22 controls, revealed 15 candidate miRNAs that were differentially expressed in plasma samples at PC diagnosis. We combined all 15 miRNAs into a multivariate statistical model, which outperformed Ca 19-9 in receiver-operating characteristics analysis. However, none of the candidate miRNAs, individually or in combination, were significantly altered in prediagnostic plasma samples from 67 future PC patients compared with 132 matched controls. In comparison, Ca 19-9 levels were significantly higher in the cases at <5 years before diagnosis. Conclusion: Plasma miRNAs are altered in PC patients at diagnosis, but the candidate miRNAs found in this study appear late in the course of the disease and cannot be used for early detection of the disease.
P ancreatic cancer (PC) patients have an extremely poor prognosis since the vast majority present with metastatic disease at diagnosis. Moreover, cure is rare even for patients with early-stage disease who undergo surgery with a curative intent, and half of them die within two years.
1,2 Improvement in diagnostics and treatment of PC has not been comparable to other cancer forms, and despite its low prevalence, PC is predicted to become the second most common cause of cancer-related death within 4 years. 3 Sensitive biomarkers facilitating earlier diagnosis of PC are needed, as the most commonly used PC biomarker, carbohydrate antigen 19-9 (Ca 19-9), lacks sufficient accuracy for early detection of PC. 4 Micro-RNAs (miRNAs) are single stranded, noncoding RNA species of $22 nucleotides length that participate in post-transcriptional gene regulation. In cancer, miRNAs can act as tumor suppressors or oncogenes by post-transcriptional regulation of genes involved in carcinogenesis. 5 miRNAs are surprisingly stable in blood samples, due to high resistance to both temperature changes and endogenous RNase activity. 6 This makes them suitable as bloodbased biomarkers and several studies have highlighted the potential of circulating miRNAs as biomarkers for various cancer forms, including PC. 7 Schultz et al 8 screened for >700 miRNAs and validated two whole blood miRNA panels that in combination with Ca 19-9 could accurately differentiate PC patients from controls. Recently, Xu et al 9 showed that plasma-miR-486-5p performed equally well as Ca 19-9 in discriminating PC patients from healthy controls. However, all previous studies have examined circulating miRNA levels in patients with an established PC diagnosis, and therefore provide no information on whether miRNA levels are altered before clinical symptoms appear, and thus if they are useful as early detection markers. miRNAs are differentially expressed in PC tissue compared with normal pancreas [10] [11] [12] [13] and corresponding alterations are also evident in premalignant pancreatic intraepithelial neoplastic lesions (PanINs), 14 indicating that miRNA expression changes appear early in PC carcinogenesis. PC is predicted to develop from the initial PanIN lesion into metastatic disease in a time span over 10 years, 15 giving a possible window for early detection using miRNAs.
We hypothesized that early miRNA changes in PC might aid in early detection of PC, and thus aimed to find plasma-miRNAs that are altered years before a clinical PC diagnosis.
METHODS

Ethics Statement
All subjects taking part in the study provided written informed consent. The study was approved by the regional research ethics board of northern Sweden and conducted in accord with the ethical standards of the Helsinki Declaration of 1975.
Screening Cohort (Samples Collected Before Surgery) and 2014 at Umeå University Hospital, Sweden. Blood samples were collected from all patients before surgery, and ethylenediaminetetraacetic acid (EDTA) plasma was stored at À80 8C in a prospectively maintained research biobank. We included patients with histopathologically confirmed pancreatic ductal adenocarcinoma at tumornode-metastasis (TNM) stage I-II with an available preoperative plasma sample. Cases were only included if an age-and sex-matched healthy control was available. Case samples were randomly assigned to matched control samples, collected from patients who either underwent endoscopy without malignant findings or elective surgery for a nonmalignant disease. Controls with a previous history of cancer were excluded.
The following patient characteristics were extracted from hospital charts: age at diagnosis, sex, first clinical sign, preoperative staging (resectability) according to the 7th edition of the American Joint Committee on Cancer staging (AJCC), TNM stage according to AJCC, histopathological grade, tumor size, patient survival, and serum conjugated bilirubin levels (SBR). We only included SBR measurements made on the same day as collection of the plasma samples used for miRNA analysis.
Prediagnostic Cohort (Samples Collected Before Diagnosis)
Prediagnostic plasma samples were derived from a biobank associated with the ongoing population-based Västerbotten Intervention Program (VIP). VIP was launched in 1985 as a primary prevention project for reducing cardiovascular disease in the Swedish county of Västerbotten. Besides offering routine health examinations, participants are asked to donate plasma samples and take part in a large prospective research cohort. Since 1987, the project has covered the entire county, which in 2007 included 258,000 inhabitants. Participation rates have varied between 48% and 67%. 16 We included VIP participants who were diagnosed with PC between January 1990 and February 2009, and where EDTA plasma samples collected before the diagnosis date were available. Each case was matched with two healthy controls from the same biobank. Controls were matched by sex, age at sampling, and sampling date (AE3 months). Previous history of cancer was an exclusion criterion for both cases and controls. The resulting cohort was randomly split in half into a training set and a validation set. Patient characteristics for all cases were extracted from hospital charts.
miRNA Isolation miRNA isolation was performed using the Qiagen miRNeasy serum/plasma kit according to the manufacturer's instructions (Qiagen, Hilden, Germany). One hundred microliters of thawed and centrifuged plasma was mixed with 500 mL of QIAzol Lysis Reagent and 0.5 mL of spike-in miRNAs for quality control measurements (Exiqon spike-in kit UniSp2, UniSp4, UniSp5; Exiqon, Vedbaek, Denmark). RNase-free water was run in parallel as a negative control. Phase separation was performed with chloroform; 300 mL of the upper phase was added to 450 mL of 99.5% Ethanol and subsequent RNA cleanup was performed on the provided spin columns. Samples were eluted in 15 mL of RNase-free water, snap-frozen in liquid nitrogen, and stored at À80 8C. Matched cases and controls were isolated together and all match groups were isolated in a randomized order. The case/control designation was blinded.
miRNA Expression by Real-time Quantitative PCR (RT qPCR) miRNA isolates were shipped on dry ice to Exiqon (Exiqon, Denmark) for subsequent complementary DNA (cDNA) synthesis and RT qPCR. Matched samples were assayed on the same plate, but the match order was randomized. The case/control designation was blinded and all samples were analyzed in duplicates. Samples were reverse transcribed into cDNA using miRCURY LNA Universal RT microRNA PCR. cDNA was then mixed with Exilent SYBR Green mastermix (Exiqon, Vedbaek, Denmark) and RT qPCR was performed on Exiqon miRCURY LNA Universal RT microRNA PCR Human Panel I (V.4, Exiqon, Vedbaek, Denmark) Human Panel I (V.4), with primers covering 372 validated miRNAs. On the basis of the screening results from the patient cohort, we custom-designed a new qPCR panel to be used in the prediagnostic cohort. cDNA amplification, melting points, and raw Ct value acquisition was performed on a Roche LightCycler 480 (Roche Diagnostics, Rotkreuz, Switzerland). Samples had to pass quality control measurements of spike-ins (UniSp2, À4, and À5) before final analysis. Reactions with poor amplification efficacy or multiple melting points were excluded as well as Ct values within 5 Ct values of the negative control (RNase-free water). miRNAs detected in <20 cases or controls were excluded from statistical analysis.
Sample Hemolysis Assessment
Sample hemolysis can affect plasma miRNA levels due to miRNA contamination from red blood cells. 17 We therefore measured hemolysis in all samples before isolation, using a previously described spectrophometric method. 18 Samples with hemoglobin levels above 25 g/L were excluded. We also controlled for hemolysis by calculating the cycle threshold (Ct) ratio between miR-451 and miR-23a. A Ct ratio >7 was considered indicative of sample hemolysis. 19 
Plasma Ca 19-9 Measurement
Plasma Ca 19-9 was measured in preoperative samples using the MILLIPLEX MAP Kit and the WideScreen Human Cancer Panel 1 for the prediagnostic samples (Merck KGaA, Darmstadt, Germany) according to the respective manufacturer's instructions. Fluorescence intensities were measured on a Bio-Plex 200 System (Bio-rad, Hercules, California, USA). Results were compared with kit standards using 5-parameter logistic regression. Samples with Ca 19-9 levels below the lowest limit of detection were assigned a value equal to 50% of the lower detection limit.
Statistics
We used ExiqonGenEx 6 Software (Exiqon, Denmark), STATA 12.1 (College Station, Texas, USA), and Prism 5 (GraphPad Software, La Jolla, California, USA) for the statistical analysis. Multivariate statistical analysis was performed using Simca-p 14 (MKS Data Analytics Solutions, Umeå, Sweden). Raw miRNA Ct values were first normalized using the global mean method 20 and then compared using Student's t test. False discovery rate for miRNA alterations was controlled at 5% by calculating Benjamini-Hochberg corrected P values. 21 The delta mean of normalized Ct values for cases and controls were log 2 -transformed to calculate the fold change. Other variables were compared using Student's t test for continuous data and Chi-square test for categorical data using P < 0.05 as cutoff level for significance. The correlation between miRNAs and SBR were analyzed using Pearson r.
Multivariate projection analysis to evaluate miRNA combinations was carried out using orthogonal projections to latent structure-discriminative analysis (OPLS-DA). 22, 23 OPLS-DA regresses the miRNA levels against a binary ''dummy vector'' carrying the sample class information, in this case patients ¼ 1 and controls ¼ 0, in the search for systematic patterns of miRNAs related to discrimination between the patterns. Hence, in a strong model, controls will cluster around 0 and patients around 1. A 7-fold cross validation of the analysis was performed to estimate the predictive ability of the models. 24 Briefly, a model was created using 6/7 of the observations and the remaining 1/7 were predicted by the model. This was repeated 7 times so that all samples were predicted once. The predictive ability was evaluated by cross-validated analysis of variance (CV-ANOVA). 25 Receiver-operating characteristic (ROC) curves were generated for the significantly altered miRNAs; the combination of all significant miRNAs and Ca 19-9 and the area under the curve (AUC) was calculated to compare the discriminative performance.
RESULTS
Study Cohorts
Screening Cohort
Twenty-three PC patients and 22 controls were included in our miRNA screening cohort (Fig. 1A) . The clinical characteristics of the cases and controls are summarized in Table 1 and Supplementary  Table 1 , http://links.lww.com/SLA/B163. All samples passed hemolysis testing.
Prediagnostic Cohort
Eighty-one individuals who later developed PC (cases), with a prediagnostic plasma sample available, were randomized to the prediagnostic training cohort (Fig. 1B) . During miRNA isolation, 13 case samples and four controls were excluded due to sample hemolysis or insufficient sample volume. The four excluded controls were replaced with controls matched to the excluded cases. Two additional controls were excluded after RT qPCR analysis; one due to low miRNA yield and the other due to uncertain sample identity. The final cohort thus consisted of 67 PC patients and 132 matched controls. The clinical characteristics are summarized in Table 2 .
Plasma miRNAs are Altered in Patients at Diagnosis
To identify candidate miRNAs that were altered at PC diagnosis, we analyzed a panel of 372 miRNAs by RT qPCR in the screening cohort. Patients and controls separated somewhat in principle component analysis based on all detectable plasma miRNAs (n ¼ 233), although with a considerable overlap between the groups (Supplementary Figure 1 , http://links.lww.com/SLA/B163). One hundred ninety miRNAs (51%) were expressed in !20 cases or controls and were thus included in the statistical analysis. No miRNA displayed an on/off pattern, meaning that none were solely detected in either cases or controls. Our screening analysis revealed 15 miRNAs with significant abundance differences between cases and controls after correcting for false discovery rate. Of these 15 candidate miRNAs, 10 were increased and five were decreased in PC patients at diagnosis. miR-885-5p had the highest positive fold change among increased miRNAs, and miR-144-3p the highest negative fold change among decreased miRNAs (Table 3, Supplementary Table 2 
Serum Bilirubin Does Not Correlate With miRNA Levels at Diagnosis
A majority (17/23) of the PC patients suffered from obstructive jaundice at disease presentation (Table 1) . Bile duct obstruction can affect liver function, 26 ,27 which in turn is associated with plasma miRNA alterations. 28 We reasoned that obstructive jaundice might affect levels of circulating miRNA and therefore investigated correlations between candidate miRNAs and SBR. SBR levels were available in-hospital charts from 21 out of 23 cases, with a median SBR level of 23 mmol/L (range 0 to 158 mmol/L). We found no correlation between candidate miRNAs and SBR levels after correcting for multiple testing (Supplementary Table 3 , http://links. lww.com/SLA/B163).
Plasma miRNAs Are Not Altered Before Diagnosis
Having established that none of our 15 candidate miRNAs were significantly correlated with SBR, we investigated if they could be used to predict a future PC diagnosis. First, we assessed candidate miRNA alterations in the prediagnostic samples independent of time before diagnosis. This clearly showed that none of the 15 miRNAs that were found significantly altered at the time of diagnosis differed before diagnosis (Table 4) . We reasoned that one explanation for this negative result could be the time differences in our prediagnostic cohort, where time of sampling varied from 3 months to 18 years before PC diagnosis. We therefore divided the prediagnostic cohort into three groups: 1) >10 years, 2) 5 to 10 years, and 3) <5 years before diagnosis. At <5 years before diagnosis (3 months to 4.9 years), the P value for miR-24-3p was <0.05 and miR-106b was close to being significant, although none passed false discovery rate testing. Of note, most miRNAs had case/control fold changes close to 1 (Table 4) .
A Multivariate Statistical Model of Candidate miRNAs Separate Cases and Controls at Diagnosis but not Before
Multiple miRNAs have been shown to act synergistically in gene regulation 29 and previous studies have combined several miRNAs to better separate PC patients from controls. 8, 30, 31 We therefore hypothesized that a combination of our 15 candidate miRNAs might perform better to detect early alterations than single miRNAs alone. To test this, we generated a multivariate statistical model on the basis of candidate miRNAs. At diagnosis, the model clearly separated cases from controls, a separation that was consistent and significant after cross validation (Fig. 2B) . However, the model failed to separate cases from controls at any time point before diagnosis, although a tendency to separation was noted <5 years before diagnosis ( Fig. 2A) . The poor group separation before diagnosis was independent of TNM stage and sex (Supplementary Figure 4 , http:// Significant P values in bold. Ctrls indicates controls; FC, fold change; P, Student t test P (not corrected for false discovery rate).
links.lww.com/SLA/B163). By comparison, Ca 19-9 levels were significantly altered <5 years before diagnosis, although only three of these cases presented with levels above 37 U/mL, which is the standard clinical cutoff for Ca 19-9. 4 Interestingly, Ca 19-9 levels increased the closer the sampling date was to diagnosis (Figs. 2C, D To compare discriminative performance, we constructed ROC curves for the miRNA model and Ca 19-9. Our miRNA model outperformed Ca 19-9 at diagnosis, but at all time points before PC diagnosis, both the miRNA model and Ca 19-9 performed poorly in discriminating cases from controls (Fig. 3) . In the light of the poor performance of miRNAs in the training set of the prediagnostic cohort, we refrained from further analysis in the validation set.
DISCUSSION
Circulating levels of miRNAs are altered in many different cancer forms and various miRNAs and miRNA-combinations have been suggested as potential biomarkers of disease. 7 In PC, there is a pressing need for early detection biomarkers, as patients are generally asymptomatic until metastatic disease has developed. 1 In the first study of its kind, we evaluated the potential of miRNAs in early PC detection by analyzing candidate miRNAs in plasma samples collected before a PC diagnosis. Although we did identify miRNAs that were altered at diagnosis, they were not suitable for early detection of PC. Early detection performance was unaffected by stratifications for both time to diagnosis and TNM stage. miR-24 was significant <5 years before diagnosis using a permissive significance level at 0.05, but the fold change was minimal and nonsignificant after correcting for false discovery rate, indicative of a falsepositive finding.
Nonetheless, we identified 15 miRNAs that were associated with PC at the time of diagnosis and a multivariate model based on these miRNAs outperformed Ca 19-9 in ROC analysis. However, as the model was not validated in an independent PC patient cohort, we refrain from drawing conclusions regarding its clinical potential for PC diagnosis.
Several of the miRNAs we identified have previously been associated with PC, including increased let-7d, miR-22, -24, -34a, -122, -130b, -574, and -885 as well as decreased miR-106b-5p and -144 8,9,32 -35 (Supplementary Table 5 , http://links.lww.com/SLA/ B163). There are also previous reports of associations for miR- Table 5 , http://links.lww.com/ SLA/B163). Of note, miR-451a changes should be interpreted with caution due to its enrichment in red blood cells and its concomitant association with sample hemolysis. 17 But as all our screening samples passed hemolysis testing, the decreased levels of miR-451a are more likely to be disease-associated. Importantly, PC association of circulating miR-101 and miR-197 are novel findings. This is of particular interest, as both are implicated in epithelial-mesenchymal transition in PC cells, 36, 37 suggestive of involvement in tumor invasion and metastasis.
Several of the miRNAs that were altered at diagnosis have been identified in functional in vitro studies on PC cells or found at altered levels in PC tissue (Supplementary Table 5 , http://links.lww.com/SLA/B163). miRNAs with supporting functional data include miR-24, -197, -26a, -101, -106b, and -144. [36] [37] [38] [39] [40] [41] [42] Similarly, miRNAs with supporting tissue data include let-7d, miR-24, -26a, and -101. 12, 37, 38, 40, 43 On the contrary, our results on miR-34a, -122, miR-130b, and -451a contradict previous tissue study findings. 11, 13, 44, 45 But the controversy in the latter should not be exaggerated, as it is known that miRNAs in PC serum do not readily correlate with tumor tissue expression. 30 We also speculate that circulating miRNA levels could be affected by systemic changes associated with PC.
One contributor to systemic changes during PC is obstructive jaundice. Although often one of the first symptoms of disease, obstructive jaundice is a late complication during PC development and manifest close to diagnosis. 1 In our study, some of the candidate miRNAs identified in diagnostic samples trended toward SBR correlation. Although correlations were insignificant after false discovery rate correction, obstructive jaundice cannot be completely ruled out as a potential confounder in samples close to diagnosis. We therefore strongly suggest that future studies should assess SBR correlations for candidate, circulating PC biomarkers.
Ca 19-9 was significantly elevated in PC patients <5 years before diagnosis. However, ROC analysis revealed a poor discriminative performance at this stage. Prediagnostic increases in Ca 19-9 levels have been reported previously in PC patients, with similar AUC at <12 months before diagnosis. 46 The poor discriminative performance of Ca 19-9 in prediagnostic samples in that study and in ours may, in part, explain the low positive predictive value of Ca 19-9 evident from prospective cohort studies. 4 Almost 90% of the cases in our early detection cohort had stage III or IV cancer at diagnosis. If the temporal development suggested by Yachida et al 15 is correct, then a substantial proportion of these patients should have been at stage I or II at sample collection, and thus comparable to patients in the screening cohort. However, it is possible that the transition from stage I to stage IV in fact occurs more rapidly than suggested, which is supported by survival data from nonresected stage I-II patients, showing a median survival of <7 months. 2 Although the present screen covered 372 miRNAs, over 2500 miRNA sequences have been annotated in the current miRBase version (www.mirbase.org). In an ideal setting, all known miRNAs should be tested in an unbiased manner using prediagnostic samples. Another powerful approach is to combine results from omics studies on diagnosed patients with a prediagnostic cohort or with animal models. One such metabolomics study demonstrated that branchedchain amino acids are elevated before diagnosis in both patient plasma and in a KRAS-driven mouse PC model. 47 In a similar mouse model, early carcinogenic progression was found to correlate with miRNA changes. 48 However, to our knowledge, the current study is the first to investigate levels of circulating miRNAs in samples collected before a PC diagnosis.
CONCLUSIONS
A panel of 15 circulating miRNAs can discriminate PC patients from controls at the time of diagnosis. These 15 miRNAs do not hold promise as early detection biomarkers, as the alterations appear late in the disease course. 
